Dorsoventral axis formation in the Drosophila embryo is established by a signal transduction pathway that comprises the products of at least 12 maternal genes. 'l%o of these genes, dorsal and cactus, show homology to the mammalian transcription factor NF-KB and its inhibitor bzB, respectively. As in the case for JxB and NF-KB, Cactus inhibits Dorsal by retaining it in the cytoplasm. In response to the signal produced and transmitted by the products of the other genes, Dorsal translocates to the nucleus preferentially on the ventral side of the embryo. Here, we show that Cactus forms a cytoplasmic concentration gradient inversely correlated to the nuclear translocation gradient of Dorsal. Deletions of the N-terminus and C-terminus of Cactus reveal that two modes of degradation control cactus activity: signal-induced degradation and signal-independent degradation, respectively. Genetic evidence indicates that degradation of Cactus is required, but not sufficient to translocate Dorsal completely into the nucleus.
Introduction
In Drosophila, formation of the dorsoventral axis requires at least 12 maternally expressed genes, the dorsal group genes and cactus (reviewed in Morisato and Anderson, 1995) . A key component of the dorsal group of genes, dorsal (dl), is a member of the ReUNF-KB protein family (Steward, 1987) . The characteristic feature of Rel/NF-KB proteins is their rapid translocation from the cytoplasm to the nucleus in response to extracellular signaling (reviewed in Verma et al., 1995) . These proteins lie dormant in the cytoplasm of unstimulated cells, kept there by inhibitory proteins, termed bcB proteins (Baeuerle and Baltimore, 1988) . Similarly, in a freshly laid Drosophila egg, the dl gene product (Dl) is homogeneously distributed throughout the cytoplasm of the embryo. In response to the signal provided by other dorsal group genes, Dl is selectively transported into the nuclei of the embryo in a graded fashion; the concentration of Dl is maximal in the ventral-most nuclei and declines gradually in lateral nuclei, while Dl is excluded from dorsally located nuclei (Roth et al., 1989; Rushlow et al., 1989; Steward, 1989) .
Loss-of-function mutations in any of the dorsal group genes pipe, nudel, windbeutel, gastrulation defective, snake, caster, spiitzle, Toll, tube and pelle block the nuclear translocation of Dl, and cause a dorsalized phenotype suggesting a positive requirement of these genes for the selective nuclear transport of Dl (Roth et al., 1989; Rushlow et al., 1989; Steward, 1989) . The function of the first seven genes listed above is required during oogenesis and early embryogenesis to establish a spatial asymmetry outside the embryo in the perivitelline fluid which results in local activation of the Toll receptor in the plasma membrane on the ventral side. Toll transduces the ventral signal through the cytoplasmic proteins Tube and Pelle to Dl which in turn translocates into the nucleus (reviewed in Morisato and Anderson, 1995) . The tube gene encodes an intracellular protein with unknown biochemical activity (Letsou et al., 1991) , whereas the pelle locus encodes a Ser/Thr kinase (Shelton and Wasserman, 1993) . The intracellular domains of Toll and the Interleukin-1 receptor are homologous to each other (Gay and Keith, 1991; Schneider et al., 1991) . The observation that the Interleukin-1 receptor can mediate NF-KB activation indicates that the intracellular part of the pathway may be conserved between vertebrates and invertebrates.
cactus (tact) is the only gene known for which loss-offunction mutations cause a ventralized phenotype (Roth et al., 1991) . In embryos from cuct mutant females, Dl is predominantly nuclear even on the dorsal side of the embryo (Roth et al., 1991) . This indicates that the function of the tact gene product (Cact) is to inhibit the nuclear translocation of Dl. tact encodes a homolog of the LB class of proteins (Geisler et al., 1992; Kidd, 1992) . The family of hcB proteins is characterized by a conserved domain that harbors from three to seven repeats of 33 amino acids each, the cdclOEWI6 or ankyrin repeats (reviewed in Miyamoto and Verma, 1995) . These repeats mediate protein-protein interactions with Rel/NF-lcB proteins, thereby inhibiting their nuclear translocation (Hatada et al., 1992 (Hatada et al., , 1993 . Cact complexes Dl (Geisler et al., 1992; Kidd, 1992) and inhibits its nuclear translocation, thus retaining it in the cytoplasm (Whalen and Steward, 1993) .
Activation of NF-KB by extracellular stimuli such as Interleukin-1 or TNFa is accompanied by rapid proteolytic degradation of hcB-a and hcB-/3 proteins (Beg et al., 1993; Brown et al., 1993; Henkel et al., 1993; Mellits et al., 1993; Chiao et al., 1994; Thompson et al., 1995) . Protease inhibitors appear to block both IrcB-a degradation and NF-KB activation, indicating a critical role of hcB-a degradation for NF+cB activation (Henkel et al., 1993; Chiao et al., 1994) . Although these experiments have provided many insights into the molecular mechanisms of Rel protein activation, most of the biological assays employed are based on tissue culture systems rather than on intact organisms in which the Rel proteins actually function.
Several observations suggest the involvement of Cact degradation in dorsoventral signaling. Anti-sense cuct mRNA injections into wild-type embryos caused a ventralized phenotype (Geisler et al., 1992) although Cact is present throughout embryonic development (Kidd, 1992) , suggesting that Cact is subject to rapid protein turnover. Belvin et al. (1995) provided evidence that Cact is subject to spatially restricted degradation when the pathway is activated by microinjection of the activated extracellular ligand, Spatzle. However, direct observation of Cact degradation in the Drosophila embryo has not been shown. In the present study, we show that two modes of degradation control cuct activity: signal-induced degradation of Cact correlates with nuclear gradient formation of Dl, and signal-independent degradation removes free, uncomplexed Cact. We dissect these modes of degradation by a deletion analysis, and present genetic evidence that degradation of Cact is a direct consequence of the ventral signal promoting nuclear uptake of Dl. Finally, we provide evidence that degradation of Cact is necessary but not completely sufficient for complete nuclear translocation of Dl.
Results

Nuclear trunslocution of Dl correlates with cytoplusmic degradation of Cuct in wild-type embryos
By injection of anti-sense cuct mRNA into wild-type embryos a ventralized phenotype is induced, suggesting that Cact is subject to rapid protein turnover (Geisler et al., 1992) . Biochemical evidence has been provided that Cact, like its mammalian counterpart hcB, gets degraded in a signal-dependent manner (Belvin et al., 1995) . However, a signal-dependent asymmetric distribution of Cact in embryos has not been observed in whole mount stainings (Whalen and Steward, 1993) (Fig. la) . Such an asymmetric distribution is expected if ventral degradation of Cact accounts for the nuclear uptake of Dl. The asymmetry might be reduced if Cact is constantly resynthesized from the large maternal cuct mRNA pool so that the total amount of Cact remains approximately constant. To test this assumption we blocked protein synthesis by incubating permeabilized wild-type embryos with cycloheximide (CHX), and stained these embryos with anti-Cact antibody. As a consequence of CHX treatment, Cact gets diminished on the ventral side of the embryo whereas it remains present on the dorsal side (Fig. lb) . We interpret the lack of Cact on the ventral side of the embryo after CHX treatment as the result of active protein degradation.
To examine the distribution of Cact more carefully, transverse sections of wild-type embryos were prepared, and the spatial and temporal distribution of Dl and Cact were compared. In contrast to whole mounts, these sections reveal an asymmetric distribution of Cact without CHX treatment, allowing us to analyze the Cact distribution without further manipulation of the embryo.
In cleavage stage embryos (stage 2; Campos-Ortega and Hartenstein, 1985) both Dl and Cact are homogeneously distributed in cortical regions of the egg (Fig. ld,e) . As soon as Dl is first seen in ventral nuclei after pole cell formation (stage 3) a corresponding decrease in the amount of ventral Cact is apparent (Fig. lf,g ). The establishment of the nuclear localization gradient of Dl during syncytial blastoderm stage (stage 4) is accompanied by a depletion of Cact staining in the ventral cytoplasm ( Fig.  1 h,i) . The ventral cytoplasmic depletion of Cact persists to the beginning of cellularization (stage 5, Fig. lk,l) . The Cact distribution appears to be graded with lowest levels along the ventral midline, gradually increasing amounts in ventrolateral and dorsolateral regions, and maximal levels on the dorsal side. Cact is present in the small cytoplasmic space between the egg membrane and the nuclear layer, the apical cytoplasm, and in a zone between the nuclei and the yolk, the basal cytoplasm (Fig. 11) . In response to the signal, Cact in both the apical and basal cytoplasm appears to be degraded.
Taken together, the spatial and temporal comparison between Dl and Cact distribution in wild-type embryos v reveals that nuclear localization of Dl correlates with the reduction of Cact, suggesting a mechanistic link between nuclear translocation and cytoplasmic degradation.
Cact degradation is induced by the ventral signal
Embryos from females mutant for any of the dorsal group genes are completely dorsalized (Anderson and Niisslein-Volhard, 1986) . In these embryos, Dl is strictly cytoplasmic, as shown for pelle in Fig. 2c (Roth et al., 1989; Steward 1989) . To confirm the correlation of nuclear translocation of Dl and cytoplasmic degradation of Cact seen in wild-type embryos (Fig. 2a,b) , CHX-treated embryos from nudef, snake, tube, and pelle females were stained with anti-Cact antibody. In whole mount views of all the mutations tested there was no detectable asymmetric distribution of Cact (data not shown). We compared the Cact distribution and the Dl distribution in transverse sections of embryos from mutant females. The distribution of Cact around the entire circumference of dorsalized embryos is similar to that seen on the dorsal side of a wild-type embryo, illustrated for snake in Fig. 2d .
Ventralized embryos from females carrying dominant gain-of-function alleles of Toll, e.g. T011'~~, show an expansion of the lateral and ventral parts of the dorsoventral pattern at the expense of dorsal regions. This phenotype is accompanied by increased nuclear Dl levels in the dorsal half of the egg circumference (Roth et al., 1989) (Fig. 2e) . Staining of T011'~~ embryos with anti-Cact antibodies revealed a depletion of Cact only in the apical cytoplasm, while surprisingly, Cact staining in the basal cytoplasm is not reduced (Fig. 2f) . Similar results were obtained with two other dominant Toll alleles, TollsB and To119Q (data not shown). However, CHX treatment of TollJob embryos resulted in complete loss of Cact (data not shown). Our data indicate that the intracellular part of the dorsoventral signal transduction takes place predominantly in the nar- row cytoplasmic space between the egg membrane, where the Toll receptor is located, and the nuclear layer.
Dl controls the protein level of Cact
In summary, the analysis of mutant embryos confirms Previous studies have shown that maternal Cact is the correlation of nuclear translocation of Dl and cytodown-regulated in embryos lacking Dl (Kidd, 1992 ; plasmic degradation of Cact in response to the ventral Whalen and Steward, 1993; Isoda und Niisslein-Volhard, signal . If nuclear translocation of Dl is blocked in any of 1994; Belvin et al., 1995) although maternal tact mRNA the dorsal group mutants tested, there is no detectable is present in dl-embryos in normal amounts (data not degradation of Cact.
shown). We studied this observation further using dorsal alleles which either do not produce Dl (dl', d18, and dlJ60, all giving rise to a DO phenotype (Roth et al., 1989) ), have reduced levels of Dl (d13, dLpz, and disc; phenotype: DO-Dl, Dl-D2, D2, respectively) or wild-type levels of Dl (dP and dlD7; phenotype: Dl and DO, respectively) ( Fig. 3A, middle panel) . A Western blot analysis shows a strict correlation between Dl and Cact amounts ( Fig. 3A ; compare upper and middle panel), regardless of the phenotypic strength of the dorsal alleles analyzed. We infer that Dl stabilizes Cact.
Increasing the amount of Dl above wild-type to a certain level does not cause a phenotypic effect. Therefore, Govind et al. (1993) proposed that tact activity is present in excess of its absolute requirement, and thus additional Dl is tolerated. Using the dorsal transgenic line P[dl 22.11, we examined the molecular basis of the observed tolerance by Western blotting. As shown in Fig. 3B (upper and middle panel) additional amounts of Dl lead to a corresponding increase in the amount of Cact. Thus, Dl directly determines the amount of its inhibitor Cact. Cact in the Dl/Cact complex is stabilized, whereas surplus Cact is unstable and gets degraded.
In agreement with Belvin et al. (1995) this analysis distinguishes two different modes of Cact degradation: signal-induced degradation and signal-independent degradation. Signal-induced Cact degradation requires the activities of the dorsal group genes (see Figs. 1 and 2), whereas free, uncomplexed Cact is unstable and eliminated by signal-independent degradation (see Fig. 3A ). In the following we dissect the two modes of Cact degradation, and show their functional importance.
Free Cact is a target of signal-induced degradation
Due to signal-independent degradation, the level of Cact is down-regulated in dl-embryos, but it is not completely absent. The polyclonal anti-Cact antibody used in this study does recognize a residual amount of Cact in dlembryos, presumably reflecting the steady-state level of degradation and resynthesis of Cact (Fig. 4C , lanes 2 and 3). The ventral signal is present in dl-embryos, as evident from transplantation experiments: wild-type cytoplasm (containing dl+ RNA and protein) only rescues dl-embryos if placed in a ventral position as opposed to a dorsal position (Santamaria and Niisslein-Volhard, 1983 ). Whole mount stainings and transverse sections of dlembryos show a subtle difference in the abundance of Cact between the dorsal and the ventral side (Fig. 4A,B ). This suggests that free, uncomplexed
Cact is subject to signal-induced degradation on the ventral side. We analyzed embryos from dl/dl; plVpl1 double mutant females in which Dl is absent, and the ventral signal is blocked. Western blots of embryonic extracts from mutant embryos were developed using anti-Cact antibody (upper panel). Subsequently, the same blot was developed using anti-D1 antibody (middle panel). An anti-Tube antibody was used as a loading control (lower panel). The double mutant contains a slight but significant excess of Cact compared to the dl single mutant (compare lane 4 with lanes 2 and 3). However, the Cact amount in the double mutant does not reach wild-type levels (compare lane 4 with lanes 5, 6, and 7). The maternal genotype is indicated above the lanes. The following dl and pll alleles were used: dl, dl'; Df, Df(2LJWI19; pit'. pellerm8; pl12, petle078.
The Cact level in double mutant embryos is significantly increased compared to dl-embryos as shown by Western blot analysis of embryonic extracts (Fig. 4C , lanes 2, 3 and 4). Thus, free Cact is a target of signal-induced degradation indicating that Cact degradation is a direct response to ventral signaling. Thr, and have been implicated in degradation of many proteins (Rogers et al., 1986; Rechsteiner, 1990) . To address the role of the PEST sequence for signalindependent and signal-induced degradation of Cact, we deleted the C-terminal 40 amino acids including the PEST sequence and raised transgenic flies by germ-line transformation. The ankyrin repeat domain was not altered.
Deletion of the PEST sequence blocks signalindependent degradation of Cact
The cloning of cactus revealed the presence of a PEST sequence at the C-terminus of Cact (Geisler et al., 1992; Kidd, 1992) . PEST sequences are short stretches of about 20 amino acid residues rich in Pro, Asp, Glu, Ser, and Two independent cactAPEST transgenes (lines 1 and 2)
were crossed into a dl-background, and embryonic extracts were analyzed in Western blots. In contrast to wildtype Cact in dl-embryos, the gene products of both cactAPEsT transgenes are present in dl-embryos in similar amount and appearance as in wild-type embryos (Fig.  5A) . Thus, deletion of the PEST sequence confers stabil- transgene 1 were treated with CHX prior to staining with antiCact antibody. The maternal genotype is w/w P ity to Cact in the absence of Dl, and therefore blocks signal-independent degradation of Cact. To study the effect of the PEST sequence on signalinduced degradation, cacrdPEST embryos in dl-background were treated with CHX and stained with anti-Cact antibody. As shown in Fig. 5B , a gradient of cytoplasmic Cact degradation is visible, indicating that signal-induced degradation of Cact is not blocked by deleting the PEST sequence. This is in agreement with the observation that the cactAPEsT transgenes rescue the tact mutant phenotype (data not shown).
Thus, deletion of the PEST sequence allows the uncoupling of signal-induced and signal-independent degradation. This uncoupling helped to verify the functional importance of signal-induced Cact degradation. CactAPEST is stable in the absence of Dl, but it is still degraded in response to the ventral signal, suggesting that the ventral signal triggers degradation of Cact.
N-terminal deletions of Cact block the response to the ventral signal
The experiments described above show that the PEST sequence is not required for signal-induced degradation. We characterized molecularly two gain-of-function alleles of tact, cactElo and cactBQ, which cause a dorsalized phenotype, in contrast to the ventralizing loss-of-function tact alleles (Roth et al., 1991) . In agreement with their dorsalized phenotype, cactEJO and cactBQ retain Dl in the cytoplasm (Roth et al., 1991) . We stained CHX treated embryos from tact BQ females with anti-Cact antibody. We do not detect an asymmetric distribution of Cact in these embryos (Fig. 6A,B) . Thus, signal-induced degradation of Cact does not occur. We conclude that CactEio and CactBQ are unable to respond to the ventral signal.
To determine the molecular basis of the cactE'O and cacrBQ phenotype, we cloned and sequenced the tact gene of both alleles. In both alleles, an upstream portion of the second exon is spliced out including the initiator ATG (Fig. 6C) . This leaves the ATG at position 145 as the first possible initiator ATG, resulting in N-terminally truncated proteins lacking the first 144 amino acids. Consistent with the molecular analysis, a Western blot of total embryonic extracts reveals the presence of a band of about 45 kDa which is in the size range expected for CactBQ and CactEio relative to the wild-type tact product of about 65 kDa (Fig. 6D, lanes 1,2 and 5 ).
It appears that the N-terminal 144 amino acids of Cact are required to respond to the ventral signal. If this domain is deleted, then signal-induced degradation is blocked. To investigate whether signal-independent degradation of CactBQ is also blocked, we analyzed cactBQ in a double mutant with dl (cactBQ dlJcactA2 dl). In this genetic background we do not detect any CactBQ (Fig. 6D,  lane 4) , suggesting that signal-independent degradation of Cact is intact even if signal-induced degradation is blocked.
To localize the regions in Cact which are required for degradation, we constructed a series of N-terminal deletions of Cact, and tested the effect of these deletions in a mRNA microinjection assay. If the signal responsive domain of Cact was removed, we would expect a block in the transduction of the ventral signal leading to dorsalization of the embryonic pattern. To make the RNA injection assay more sensitive, we also deleted the PEST sequence at the C-terminus of Cact in ail constructs, thereby removing all putative degradation domains of Cact. RNA In the wild-type, the tact ORF starts in the second exon at Methionin 1 (M-l). In cacPQ, a P element is inserted into the coding sequence of the second exon, while in UK~'~, a small deletion derived from imprecise excision of a P element removes part of the second exon including the initiator ATG for translation, and creates an additional exon derived from the P sequence. In both alleles, an upstream portion of the second exon is spliced out (upstream of codon 44 and 69, respectively).
This leaves the ATG at position 145 as the first possible initiator ATG (M-145), resulting in N-terminally truncated proteins lacking the first 144 amino acids (Fig. 6D) . The open box indicates the start of the tact ORF. The numbers refer to the nucleotides in the tact cDNA (Geisler et al., 1992) . X, Xba I. (D) CactBQ is degraded by signal-independent de adation. Western blots of embryonic extracts obtained from females of the indicated genotype at top were probed with anti-Cact antibody. Cact Bgand CactE'O appear as truncated proteins of about 45 kDa apparent molecular weight (lanes 2, 3 and 5). Since females double heterozygous for cacPQ dl are dominant female sterile (Roth et al., 1991) , the effect of signal-independent degradation to CactBQ was anal zed in tram to cacP2, the gene product of which is not detectable in trans to caclBQ (lane 3). In a double mutant with dl (cacPQ dlfcacf12 dl), CactBJ IS degraded by signal-independent degradation (lane 4). Fig. 7B ; classified as V3 according to Roth et al., 1991) . Injection of the deletion constructs into cactoJ1 mutant embryos allows to score for rescue of the ventralized phenotype (differentiation of a wild-type cuticle; see Fig. 7A ), for an induction of a weakly dorsalized phenotype (absence of ventral epidermis and presence of Filzkorper; Dl phenotype), or for a completely dorsalized phenotype (only dorsal epidermis; DO; Fig. 7C) ). Injection of the deletion constructs AN25 and AN50 into cactoJ' embryos resulted in rescue of the ventralized phenotype to wild-type (Table l), indicating that the RNA constructs are functionally intact. Dorsalization was not observed. In contrast, RNA encoding the deletion constructs AN75 and AN83 was capable of inducing a weakly dorsalized pattern in about 4-7% of the differentiated embryos as judged by the presence of Filzkorper, and absence of ventral epidermis (Dl , Table 1 ). However, complete dorsalization was observed in most of the embryos if RNA encoding the AN100 and AN125 deletion constructs was injected (DO; Fig. 7C and Table 1 ). Lowering the RNA concentrations of the AN100 construct to half of the first set of injections (350 ng/@ versus 700 ng/ ~1) resulted in the same phenotypic response (Table 1) .
Based on the strong dominant dorsalizing effect of the AN100 construct (Fig. 7C ) and the rescuing activity of the AN25 and AN50 constructs, we conclude that all residues in Cact required for responding to the signal are present between amino acids 50 and 100. Because injection of the AN75 and AN83 deletion construct resulted in weak dominant dorsalization, whereas injection of the AN100 construct resulted in strong dominant dorsalization, we propose the presence of two regulatory sites for signal-induced degradation of Cact: one is present between amino acids 50 and 83, the second one is present between amino acids 84 and 100 (see Section 3). RNA of the deletion constructs was prepared as described in Section 4, and injected into the posterior end of tact"' mutant embryos. The RNA concentration was 350 ng&l in the last row, and 700 r&l in the others. tact"' embryos exhibit a V3 phenotype, characterized by expansion of the ventral epidermis and absence of dorsolaterally derived Filzkorpcr (Fig. 78 ) (Roth et al., 1991) . The numbers indicate the percentage of differentiated embryos. Embryos were scored as rescued in response to injection if a wild-type cuticle has been differentiated. Embryos were scored as weakly dominant dorsahzed of the phenotypic strength Dl if ventral epidermis is absent and Filzkorper is present. Completely dorsalized embryos of the phenotypic class DO secrete only dorsal cuticle (Fig. 7C) . Please note that not all injected embryos differentiate a storable cuticle.
Complete absence of Cact is not su#kient to
described for cactD13 (Roth et al., 1991) reflects the null translocate Dl completely into the nucleus phenotype of tact.
Signal-induced degradation of Cact appears to be a primary target of the ventral signal. If Cact degradation is blocked, nuclear translocation of Dl does not occur. However, it has not been shown that degradation of kB-like molecules is the only mechanism for triggering the nuclear uptake of Rel proteins. To address this question we analyzed embryos lacking Cact (thus generating a condition all around the egg circumference, which is present in the wild-type embryo only on the ventral side), and compared the level of nuclear Dl on the ventral side (which receives the signal) to nuclear Dl on the dorsal side (which does not receive the signal).
Three putative null alleles of tact were analyzed. cact255 contains a P-element insertion in the first intron of the gene (Geisler et al., 1992) . cacP8 was obtained by imprecise excision of the P-element in cacP and deletes the tact locus completely (Roth et al., 1995;  for details see Section 4). cactD*-l' is an EMS-induced allele of tact and contains a premature stop codon at amino acid 188.
There are two possibilities to explain the residual polarity in cacr embryos. First, in addition to signalinduced Cact degradation, Dl requires an additional signal input to reach maximal nuclear levels. Alternatively, in the absence of Cact, Dl is present in all nuclei with highest concentrations, but the transcriptional activity of Dl requires the ventral signal to be maximal. In agreement with these considerations, phosphorylation of Dl by Protein kinase A facilitates Dl nuclear transport and enhances its transcriptional activity Manley, 1992, 1996) . To address this question we analyzed the Dl distribution in tact-embryos. Dl is present in all nuclei around the egg circumference (Fig. 8a,b) . However, comparison of the distribution of nuclear Dl on the ventral and dorsal side of the embryos reveals a difference in the intensity of a ,,, Since strong tact alleles cause homozygous lethality, females with wild-type soma and mutant germline were produced. Embryos derived from homozygous germline clones of the genotype cactD13/Df tact-show a strong ventralized phenotype classified as Vl (Roth et al., 1991) . However, they are not completely ventralized and retain dorsoventral polarity. Using DFS/FLP-mediated mitotic recombination in the germline (Hou et al., 1995;  see Section 4) we obtained chimeric females which produced embryos with identical phenotype for the three tact alleles described above. Thus, the Vl phenotype originally of Development 60 (I 996) 109-123 119 staining. There is more Dl present in nuclei on the ventral ing signal-independent degradation in the cactAPEST side than in nuclei on the dorsal side (Fig. 8b) . A nuclear mutant effectively titrates out the ventral signal leading concentration gradient of Dl is still present, although to a dorsalized phenotype. We propose that signalshallower. We conclude that in addition to signal-induced independent degradation of Cact ensures that the level of degradation of Cact, other mechanisms must operate for free Cact is as low as possible in order to guarantee a complete nuclear translocation of Dl.
sensitive response to the ventral signal.
Discussion
Signal-induced degradation
In the present study we show that a gradient of cytoplasmic Cact degradation establishes the nuclear localization gradient of the dl morphogen in Drosophila. The level of Cact in the Drosophila embryo is strictly controlled by two independent mechanisms, both of which involve degradation of Cact: signal-induced degradation and signal-independent degradation. A deletion analysis of the N-terminus and C-terminus of Cact was used to dissect the two modes of degradation, and to study them genetically. The mammalian homolog of Cact, LB, gets degraded in response to extracellular signaling. Protease inhibitors were used to elucidate the functional significance of IKB degradation (Beg et al., 1993; Brown et al., 1993; Henkel et al., 1993; Mellits et al., 1993; Chiao et al., 1994) . Although this approach has provided many insights into the molecular mechanism of Rel protein activation, most of the biological assays employed are based on tissue culture systems rather than on intact organisms in which the Rel proteins actually function. Here, we provide genetic evidence for the functional importance of degradation of Cact.
The second mode of Cact degradation is mediated by the ventral signal, leading to a graded distribution of Cact. In this study we show a direct correlation between nuclear localization of Dl and cytoplasmic degradation of Cact. Mutations in dorsal group genes like pipe, snake, tube, and pelle, which produce and transmit the ventral signal, block this mode of degradation. These results are consistent with the findings of Belvin et al. (1995) who activated the pathway by microinjection of the activated extracellular ligand, Spatzle, to demonstrate signal-induced degradation of Cact.
Two models could account for signal-induced degradation of Cact. In the first model, Cact is released from Dl in response to the ventral signal, followed by degradation of the free form. In this view, proteolytic degradation would not be an integral part of activation. Rather, it would be a consequence of the dissociation of the Dl/Cact complex, and might occur through the same PESTmediated mechanism as signal-independent degradation. However, this model seems unlikely since signalindependent and signal-induced degradation of Cact have different sequence requirements in the protein.
Signal-independent degradation
The first degradation mechanism controls the total level of Cact and is dependent on the presence and amount of Dl. If Dl is absent, only a small amount of Cact is detectable in the embryo. The more Dl is present, the more Cact is detected. Therefore, the signal-independent degradation of Cact appears to work only on Cact that is not bound to Dl, thus keeping its amount to an appropriate level. These findings are in agreement with data showing that Cact is stabilized in the presence of Dl in Schneider cells, a Drosophila cell line (Kubota and Gay, 1995) . Similarly, IKB protein has been shown to be extremely unstable in the absence of NF-KB (Brown et al., 1993; Scott et al., 1993; Sun et al., 1993) .
In the second model, Cact degradation is the primary response to the ventral signal. Several lines of evidence support this model. First, in dt embryos where only a small amount of free Cact is present, a cytoplasmic gradient of Cact is still detectable. If signal-induced degradation of Cact were a consequence of complex dissociation as outlined in the first model, a Cact gradient would not be expected in dlembryos because Cact is already free.
We and others (Belvin et al., 1995) have shown that the PEST sequence at the C-terminus of Cact is required for signal-independent degradation. Deletion of the PEST sequence confers stability to Cact even in the absence of Dl, but does not interfere with signaling. However, overexpression of Cact APEST by RNA microinjection into wild-type embryos resulted in weak dorsalization of the embryonic pattern (Bevin et al., 1995;  data not shown). Because free Cact is responsive to signal-induced degradation (see below), an excess of Cact obtained by blockSecond, double mutants in which Dl is absent and the ventral signal is blocked lead to a small increase of Cact compared to the dl mutation alone.
Third, deletion of the PEST sequence in Cact blocks signal-independent degradation of Cact (see above). Nevertheless, Cact lacking the PEST sequence is still subject to signal-induced degradation, and the cactAPEST transgenes are able to rescue cad mutants.
Finally, deletions of the N-terminus of Cact, e.g. in the allele cat@, interfere with signaling leading to dorsalization of the embryo. Signal-induced degradation of CactBQ is not detectable, whereas signal-independent degradation is still functional.
We conclude that Cact is a primary target of the ventral signal. Our analysis of wild-type embryos and embryos from gain-of-function
Tl alleles indicates that sig-nal-induced degradation of Cact takes place predominantly in the apical cytoplasm of the embryo. In wild-type embryos we also detect degradation in the basal cytoplasm. However, the degradation in the basal cytoplasm does not proceed to completion, providing an explanation for the observation that we did not detect Cact degradation in whole mount views.
Signal-induced degradation requires sequences in the N-terminus of Cact. We have localized such sequences between amino acids 50 and 100. Injection of RNA encoding a cuct mutant lacking the N-terminal 83 amino acids resulted in weak dominant dorsalization (Dl), whereas injection of a construct lacking the N-terminal 100 amino acids resulted in strong dominant dorsalization (DO). Both in tissue culture experiments and in RNA injection assays it has been shown that a quadruple mutant changing Ser residues 74, 78, 82, and 83 to Ala in Cact resulted in a block of Dl activation (S. Wasserman, personal communication).
Based on our studies we propose the presence of a second regulatory site in Cact between amino acids 84 and 100. This is in contrast to experiments with LB-a in which single point mutations in either Ser 32 or Ser 36 of IKB-a block NF-KB activation (Brockman et al., 1995; Brown et al., 1995) . We are currently preparing P-element-based transformation vectors carrying the deletion constructs of tact to investigate the pattern of Cact distribution.
Signal-induced degradation of Cact: the bound model versus the equilibrium model
We have shown that both modes of degradation work on free Cact. However, signal-induced degradation could also work on Cact bound to Dl, in analogy to degradation of IKB-a, which appears to take place in situ in the NF-KBIIKB complex (Palombella et al., 1994; Traenckner et al., 1994; Brockman et al., 1995; Brown et al., 1995; reviewed in Verma et al., 1995) . Accordingly, in the wildtype embryo Cact bound in the Dl/Cact complex gets degraded in a signal-induced manner, thereby releasing Dl which then translocates to the nucleus ('bound model').
Our data are also consistent with another model. Using a cross-linking approach, Isoda and Niisslein-Volhard (1994) found that a small proportion of Dl is not in complex with Cact in dorsalized embryos although Dl is completely cytoplasmic in these embryos. The uncomplexed Dl in the cytoplasm may represent a candidate form for entry into the nucleus, and may result from an equilibrium between free Dl and Dl bound in the DKact complex. In the absence of the ventral signal, signalindependent degradation of Cact is not sufficient to promote nuclear uptake of Dl, and free Dl gets recomplexed with Cact. In response to the signal on the ventral side, degradation of Cact is accelerated and the equilibrium would be shifted towards free Dl, thus promoting its nuclear uptake ('equilibrium model'). In support of this model, Belvin et al. (1995) showed accelerated degradation of Cact in dl-embryos injected with both cuct mRNA and an activated Spitzle preparation compared with dl-embryos injected only with tact mRNA. The molecular nature of both degradation processes is largely unknown. Based on in vitro studies, it has been proposed that IKB-a is targeted via signal induced ubiquitination to the 26s proteasome (Palombella et al., 1994; . Recently, two Lys residues in IKB-a have been identified which serve as acceptors for ubiquitination . Consistent with this view, we found that the haplo-insufficient phenotype of dl is enhanced by deletions removing genes that encode components of the ubiquitin degradation pathway (A.B. and D.S., unpublished observation). Thus, the steps leading to Cact and IKB degradation are likely to be similar between invertebrates and mammals.
Additional mechanisms
We have shown that Cact degradation is required for nuclear translocation of Dl. If signal-induced degradation of Cact is blocked, nuclear translocation of Dl is also blocked. However, we provide evidence that additional mechanisms are necessary to achieve the highest nuclear concentrations of Dl. In embryos derived from cuct""s mothers, in which the cuct locus has been completely deleted, the amount of nuclear Dl on the dorsal side does not reach ventral nuclear levels. This is reflected by only a slight expansion of the twist expression domain which requires highest levels of nuclear Dl (Roth et al., 1991; data not shown) . In addition, the cuticle and gastrulation phenotype of CUC~""~ (data not shown) and other cuct null alleles (cact255, cacp13; Roth et al., 1991) indicate the presence of residual dorsoventral polarity in these embryos.
The strongest ventralizing mutation known is a gainof-function allele of Toll, TolllOb, which confers ligandindependent activity to the Toll receptor (Schneider et al., 1991) . This mutation causes complete nuclear uptake of Dl, leading to expression of twist all around the egg circumference (Roth et al., 1989) . A comparison of the Dl distribution in TolllOb and tact-embryos (compare Figs. 2e and 8b) suggests that in wild-type embryos, the Toll receptor not only triggers Cact degradation, but also activates additional mechanisms to confer competence for complete nuclear localization of Dl. Such mechanisms may include some signal input to Dl. Gillespie and Wasserman (1994) observed signal-dependent phosphorylation of Dl after dissociation of the Dl/Cact complex. Work by Manley (1992, 1996) This gene is composed of a Rel domain at the N-terminus and an IKBlike ankyrin repeat domain at the C-terminus.
It is expressed in embryos and might provide extra cytoplasmic retention of Dl, thereby explaining the residual dorsoventral polarity observed in embryos lacking Cact.
The Drosophila Dl/Cact system is homologous to the vertebrate NF-KB/IKB system at both molecular and mechanistic levels. It seems possible that other as yet unidentified components of the systems, including kB/Cact protease and components of the ubiquitin conjugation machinery, are conserved as well. We are currently undertaking a mutagenesis experiment aimed to identify genetically further components involved in the pathway. This will help to elucidate the mechanisms controlling nuclear uptake of Rel proteins.
Experimental procedures
Fly strains and genetics
The wild-type strain was Oregon R. Df(2L)TW119, Tllob, and all dl alleles are described in Roth et al. (1989) . cact2j5, cactDJ3, cactBQ, cactEIO, and Df(2L)EIORN2 are described in Roth et al. (1991) . CUC~""~ is a derivative of Df(2L)11118 obtained by imprecise excision of the Pelement in cact2j5 (Roth et al., 1995) . In addition to tact, this deficiency deletes the neighboring genejizzy and part of the cornichon locus (Roth et al., 1995) . Thefizzy and cornichon genes were reintroduced into the genome by Pelement-mediated transformation so that Dfl2L)ZZZl8 is only deficient for tact (here referred to as cact"l18) and represents a molecularly defined null allele of tact (the cacPJg stock is a kind gift of S. Roth, unpublished) . The alleles of the dorsal group genes are described in Anderson and Niisslein-Volhard (1986) . The double mutant cacti2 dll is described in Roth et al. (1991) . The double mutant cactBQ dl' was obtained by meiotic recombination in the presence of a dl transgene on the X-chromosome to bypass the dominant female sterility of cactBQldl* double heterozygous females. The dl; pll double mutants were constructed using the double balancer T(2;3)SMIATM2.
For production of germline clones, the autosomal DFS/FLP technique was used (Hou et al., 1995) . The tact alleles cact11118, cactD13, and cact2j5 were recombined to the FRpLe40A chromosome (Chou et al., 1993) . Induction of germline clones was performed exactly as described in Hou et al. (1995) except that 1st instar larvae were heat shocked for 1 h at 37°C in a water bath. Mosaic females were collected as virgins, and mated to Df(2L)EIORN2I CyO males to test whether the residual polarity of tact null alleles could result from zygotic expression of the paternal copy of tact. We did not detect any difference between the twist expression pattern in null versus paternally rescued embryos, suggesting that the residual polarity is not due to a paternal effect.
Transformants
For construction of the dl transgene P [dl 22.4 , a plasmid containing the dl cDNA (Steward, 1987 ) was subject to oligonucleotide site-directed mutagenesis to generate a NcoI site at the initiator ATG. A NcoI-EcoRI restriction fragment containing the open reading frame was inserted into the vector pBP4 (Driever et al., 1990) yielding plasmid pBP4-dl. The vector was linearized at the NcoI site, and a double stranded oligonucleotide coding for six His residues was ligated into pBP4-dl, yielding pBP4-H,dl. This procedure resulted in a His-tagged version of dl. A Hind111 fragment containing the entire open reading frame of the fusion construct was cloned into the transformation vector CaSpeRbcdBglII containing the bed promoter (Driever et al., 1990) which was used to generate stable transformants. In the line P[dl22.1] the dl transgene is inserted on chromosome 3.
cactAPEs7 was constructed by linearization of the tact cDNA pNB3 (Geisler et al., 1992) at the BspEI site which lies downstream of the ankyrin repeat domain and upstream of the PEST sequence. The Nhel* linker (NEB) containing stop codons in all reading frames was inserted by blunt end ligation resulting in plasmid pNB3cactdPEST. A HindIII-Not1 restriction fragment with the open reading frame and the whole 5' and 3' untranslated regions was inserted into the vector CaSpeRbcdBglII containing the bed promoter (Driever et al., 1990) , and used to generate stable transformants.
In the line P[cactdPEST]l the transgene is inserted on the X-chromosome, in P[cactAPEST]2 on chromosome 3.
Antibodies
Anti-D1 and anti-Tube antibodies are described in Roth et al. (1989) and GroBhans et al. (1994) , respectively. The monoclonal anticact antibody 3H12-29 is a kind gift of R. Steward (Whalen and Steward, 1993) .
For production of polyclonal anti-Cact antibody, the full-length cactus cDNA (Geisler et al., 1992) was cloned by PCR into the bacterial expression vector pQE12 (Diagen), allowing the production of Cact-6xHis fusion protein. Induction and purification of Cact-6xHis fusion protein was done according to the manufacturer's instructions. Immunization of rabbits was done as described (Roth et al., 1989) . Affinity purification of the anti-Cact antiserum was done against the Cact-6xHis fusion protein immobilized to CNBr-activated Sepharose 4B (Pharmacia). The specificity of the antibody was confirmed in Western blots of extracts from OR and cactEQ embryos (see Fig. 6C ).
Western blot analysis
Embryos, 0-3h old, were collected from agar plates, dechorionsted, washed, weighed, and frozen in liquid nitrogen. The number of embryos in the sample was estimated (1 mg contained approximately 100 embryos). Embryos were lysed by sonification in 2X sample buffer (Laemmli, 1970) , containing 8 M urea. The volume of the sample buffer was such that a concentration of ten embryos/PI resulted. Three ~1 of embryonic extracts (corresponding to 30 embryos) were loaded in one slot of a 12% SDS-polyacrylamide gel. Following SDS-PAGE, protein was blotted to PVDF membranes (Immobilon, Millipore). Three identical blots were prepared, and probed with antiDl, anti-Cact, and anti-Tube antibodies, respectively. The Western blot in Fig. 4C was first developed with anti-Cact antibody. Then the anti-Cact antibody was stripped off in 2% SDS, 100 mM /I-mercaptoethanol in 70 mM Tris (pH 6.8) for 1 h at 6O"C, and the Western blot was reprobed with anti-D1 antibody, and subsequently with anti-Tube antibody following the same procedure. The blots were developed using the ECL system (Amersham) and Hyperfilm X-ray film (Amersham) to detect the signal.
Staining of embryos
Immunological staining of embryos was carried out as described in Roth et al. (1989) , with the modification that all incubation and washing steps were done in PBS containing 0.2% Tween-20. For whole mount views the polyclonal anticact antibody was used with biotinylated HRP-avidin complexes bound to biotinylated secondary antibody (Vector Laboratories, Avidin/Biotin ABC system). For sectioning, embryos were stained with the monoclonal anti-Cact antibody 3H12-29 (Whalen and Steward, 1993) and AP-conjugated Rat-anti-Mouse secondary antibody. The stained embryos were dehydrated and mounted in Durcupan-ACM (Fluka). A complete series of transverse sections (10pm) was prepared for each embryo. The sections presented are derived from 40-50% egg length (0% egg length = posterior tip).
CHX treatment of embryos prior to staining was done at a concentration of 20pg/ml for 2 min as described in Edgar et al. (1994) .
Deletion constructs and RNA injections
The NcoI site in the vector pNB3cactdPEST (see above) was destroyed using site-directed mutagenesis without changing the amino acid sequence. Amino terminal deletions of Cact were constructed by PCR using 5' primers which start at amino acids 26, 5 1, 76, 84, 101 and 126, respectively, flanked by a NcoI site to maintain the open reading frame. The 3' primer was located downstream of tact in the pNB vector (Brown and Kafatos, 1988) . The NcoI-Not1 restriction fragments of the PCR products were cloned into the transcription vector pBP4 (Driever et al., 1990) . This resulted in amino terminal deletions which also lack the PEST sequence.
Synthetic RNA transcripts were prepared as described (Driever et al., 1990) . The transcripts were diluted to a concentration of 700 nglpl unless otherwise indicated, and injected into about 1 h old embryos laid by ca#* mothers as described (Driever et al., 1990) . Cuticle preparations of injected embryos were done according to Roth et al. (1991) . After they had cleared, injected embryos were scored for the presence of ventral epidermis and Filzkiirper material using dark-field optics.
